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ABSTRACT 
Observations of nonequilibrium phenomena on dre Saturn satellite Tican 
indicate the occurrence of organic chemical evolution. Greenhouse and 
thermal inversion models of Titan's atmosphere provide environmental 
constraints within which various pathwap for organic chemical synthesis 
are assessed. Experimental results and theoretical modeling studies sug- 
gest that the organic chemiur). of the satellite may be-dominated by two 
atmospheric processes: energetic-parricle bombardment and phatochem- 
istry. Reactions initiated in various levels of the atmasphere by cosmic ray, 
"Saturn wind," and solar wind particle bombnrdment of a CH, - N, 
atmospheric mixture can account for the C,-hydrocarbons, the uv-visible- 
absorbing stratospheric haze. and the reddish color of the satellite. Photo- 
chemical reactions of CH, can also account for the presence of 6-hydro- 
carbons. In the lower Titan atmosphere, photochemical processes will be 
important if surface temperatures are sufficiently high for gaseous NH, 
to exist. Hot H-atom reactions initiated by phoro-dissociation of NH, can 
couple the chemical reactions of NH, and CH,. and are estimated to 
produce organic matter at a rate of about lo-" to lo-'' g cm-' s-'. Elecaic 
discharges are highly improbabie on Titan; if thq occurred at all, they 
would be restricted to the lower atmosphere. Their yield of organic matter 
might approach that of hot H-atom reactions if the conversion of solat to 
electrical discharge energy on Titan was as efficient as on Eanh. 
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Two fundamental observations make the satellite Titan an object of great 
interest to  exobiologists and organic cosmochemists: the unique occurrence of abundant 
me thane (C H4) in the atmasphere (Trafton, 197 2) unaccompanied by higher amounts 
of HZ ("Iihreh et al., 1977) z d  the presence of a reddish "surface" (Alorrison and 
Cruikshank, 1974). Although there is some doubt in interpreting this surface as the 
top of a cloud layer  o r  as the actual surface of the satellite, it does exist and its 
lmplicatfons are significant for chemical evolution in the atmosphere. Interpretation 
of spectrosc.opic (Caldwell, 1974; Trafton, 19'75). and polarimetric (Veverka, 1973; 
Zellner, 1973) observations of Titan indicate the existence of a thick particle layer  
in the atmosphere that absorbs ultraviolet and visible light, a layer characterized as 
a 'photochemical haze" (Danielson et al., 1973; Podolak and Danielson, 1977). Ethane 
(C H ), ethylene (C2H4), and acetylene (CZH2) (Gillett, 1975) a r e  attributable to, but 2 6 
should not be uniquely identified with, stratospheric CH4 photocben~ical reactions 
(Strobel, 1974). In the context of Lewist (1971) physical and chemical mod ' Titan, 
the presence of C2H6, C2H2, and C2H4, the red surface, and a particle layer that 
absorbs ultraviolet and visible light clearly indicate a chemical nonequilibrium in the 
atmosphere. To the organic cosmochemist, this indicates reactions that yield organic 
molecules in a prebiotic environment perhaps related to  those of primitive Earth 
(Sagan, 1974) and the parent bodies of carbonaceous meteorites. In turn, this drams 
the interest of exobiolugiuts to the possibility that life may have originated o r  that 
terrestr ia l  organisms may survive on Titan. 
Recently, hlargulis et al. (1977) discussed the models that have been proposed 
for Titan's atmosphere and their  implications for life. No basis nawv exists to al ter  
their conclusion that "the likelihood of growth of a terrestr ia l  microbe is vanishingly 
small." By implication, the probability of the origin of life forms resembling terres-  
trial  organisms on Titan is also "vanishingly small.'' If organisms with biochemistry 
fundamentally different from those of terrestr ia l  organisms evolved and populate Titan 
today, there a r e  no obvious m~ thods f c i  detecting ~ n d  identifying them except, perhaps, 
by imaging techniques. 
Rather than addressing r nighly speculative issue such as Titan exobiology, in 
this paper, we discuss seve7 11 more fundamental issues concerniw the satellite's 
organic chemistry. Current models of Titan's atmosphere described in Section ll will 
be used to help identify tfl:: nature and distribution of possible sources of organic 
matter. Data from the literature and this laboratory will be used to assess the rele- 
vance and productivity of those sources as well as to cha r~c te r i ze  the nature of the 
products derived from them. The upper and lower atmospheres will be treated sepa- 
rately in Sections III and IV, respectively. A summary of our conclusions is presented 
in Section V. 
11. WORKING MODEIS OF THE ATMOSPHERE 
Observations of Titan have provided support for two ' ypes of thermal atmo- 
sphere models. In the temperature-in-ersion mojel (Danielson et aL, 1973; Podolak 
and Danielson, 1977; Caldwell, 1977, 1978) the surface temperature (<lo0 K) and 
pressure (s 20 mbar) are low, but absorption of ultraviolet and visible sunlight by a 
high particle layer heats the upper atmosphere to as high as 160 K. In the greenhouse 
model (Sagan, 1973; Pollack, 1973; Cess and Owen, 1973; Hunten, 1978) the strato- 
spheric temperature is also high as a result of dust particles, but it decreases with 
depth to  a CH4 cloud. Below this cloud, the temperature increases with depth t o  the 
s u r f a e  where there a r e  high temperatures ( > 150 K) and pressures (r 300 mbar) . 
Podolak and Giver (1978) point out that with available data, it is  not possible to distin- 
guish the "surface" of the inversion model from the top of a thick dust-covered 
cloud layer below which a massive greenhouse atmosphere might prevaii. Radio mea- 
surements by Briggs (1974) at 8085 MHz suggest a surface temperature of 135 - + 45 K, 
which is consistent with the inversion model as well as some greenhouse models. 
Microwave data of Conklin et al. (1977) favor a massive atmosphere with a pressure of 
several bars  at the surface and a corresponding temperature near 260 K, although 
more recent data indicate that the temperature is closer to 100 K, consistent with the 
earl ier  measurements (Owen, 197 8). These observations conflict in supporting a 
greenhouse model. Nonetheless, for  any such model, the low H2 concentrations 
observed by Miinch et d. (1977) indicate that a different gas must drive the greenhouse. 
Nitrogen may fulfill this purpose (Hunten, 1972, 1978; Owen and Cess, 1975). 
For purposes of discussion, we shall view the Titan atmosphere as a compo- 
si te  model with the following features taken from various sources: (1) a stratospheric 
dust layer that absorbs ultraviolet and visible sunlight; (2) a stratospheric temperature 
of 160 K decreasing to < 100 K a t  the top of a thick, dust-covered, reddish cloud layer 
consisting primarily of hydrocarbon ices: (3) CH4 o r  CHI and N2 comprise the bulk of 
the atmospheric gases above and below the cloud layer; (4) a clear atmosphere from 
the bottom of the clouds at >I00 K to the surface where the temperature is  about 135 K 
and the pressure about one bar;  (5) NH3 abundances below the clouds are determined 
by i ts  v a p ~ r  pressure at  the surface either ir. the form of KH3 - H20 ice o r  aqueous 
NH3 solution. 
XI. UPPER ATMOSPHERE 
Several factors must be reconciled about the chemistry of the upper atmo- 
sphere: evidence for CZH6, C H , and C2H2 as minor constituents, with r C II /C H 2 1 2 6  2 4  
ratio of about 250 (Gillett, 1975): evidence for dust particles that strongly absorb 
ultraviolet and visible light; and the red color of the observable surfs.-a. 
Dust and Acetylene Yol_vmerization 
The dust particles a r e  thought to  be ''photochemical smog" arising from CH4 
photolysis (Strobel, 1974). Scattergood and &en (1977) suggested that a component of 
the dust particles might 5e a yellomlsh acetylene polymer, s imi la r  to cuprene (C2H2)11. 
formed by particle o r  photo-induced polymerization of C2H2, o r  both. Although poly- 
mers  a r e  routinely formed during the phototysis and thermal decomposition of C2HZ, 
the conditions on n t a n  may not support such processes. 
Plasma polymerization of acetylene (Kobayashi et al., 1974). alone and in the 
presence of saturated (C2H6) and unsaturated (C2H4) hydrocarbons readily occurs a t  
pressures  as low as 0.7 mbar to yield gaseous oligomers and solid polymers. The 
presence of H in the gas  mixture, however, partially inhibits polymerization. The 2 
solid polymers a r e  insoluble and appear to  consist of a highly cross-linked, three- 
dimensional network containing carbon-carbon double bonds and aromatic structures.  
I: i s  not c lear  whether o r  not these polymers a r e  clmely related to the polymers iden- 
tified ass (C2H2) ~ r o d u c e d  aring radiation-induced gas-phase polymerizations of 
;I 
C H (Jones, 1959)~ k c a u s e  the infra-red spectra a r e  dissimilar in many respects. 2 2 
Ultraviolet irradiation of pure C2H2 at 1470 A (McNesby and Okabe. 1964) and 1849 :! 
(Zelikoff and Aschenbrand, 1956) also yields an ill-characterized solid polymer with 
smaller  amounts of diacetylene {HC I C - C r CH), vinylacetylene (CH2 = CH - C s CH), 
ethylene and benzene, At 1849 A, quantum yields for C2H2 disappearance and the 
apparent chain length of polymers decrease with decreasing pressure.  While these 
poiynlers form readily under many conditions through many different energy sources 
(Joties, 1959; Lind, 1961, Kobayasi~i, 1974) their chenlical constitutions are not 
uniquely defined; they are described, ho\vevcr, as  near-white to yellowish and 
ns lacking color-depth. 
Recent laboratory studies provide the bases for assessing the possible existence 
of acetylene polymers on Titan. As a model for interstellar organic synthesis, Floyd 
ct 01. (1973) bombarded a solid film cf C2H2 at 55 K with 150-eV electrons. They 
reported evidence for a variety of unsaturated and aromatic compounds, all of which 
a r e  ultmviole; absorbers from 2000 - 3000 a (Table 1). S o  mention was made of a 
solid cuprene-like product, although such a product would have been interesting in the 
conte-xt of interstellar organic chemistry. If polymers nere absent, Floydfs work 
reveals an inlpoi-tant temperature dependence for polymer formation, because previous 
polymer syntheses \\:ere :ic!~ieved nt room temperature o r  higher. Polymer synthesis 
on Titan m:ly be inhibited by t!~e lo\\. tempernture of the str:~tosphere.  
Recent e-xperiments by Scattelxood (197 5), Flores et al. (1978) and Bar-Nun 
(197 5, 1978) provide stronger additional arguments against the formation of solid 
acetylene polymers on Titan. Bomhai-dmrnt of gaseous CH*, C2H2, and CH4 - C2H2 
mixtures with l Iev protons (Scattergood, 1975) produced a yello\vish powdery polymer 
in pure C H and in mixtures of CH4 and C2H2 where the CH4/C2H2 ratio wss c 2. 2 2 
Clear, colorless liquids consisting primarily of simple saturated hydrocarbons 
resulted when the ratio was raised to 10. Apparently, under highly favorable total 
pressure conditions, 2 IOW m i ~ i n g  ratio . " C2H2 in CH4 prohibits formation of soltd- 
colorcd polymer. We conclude that the C H ~ /  C2H2 ratio on Titan, which is estimated 
to exceed 10 by a t  least several orders  of magnitude (Gillett, 1975: Strobel, 1974), 
slso ~vould be prohibitively high f ~ r  C,H, polymer synthesis by proton bombardment. 
- - 
When 2. G mbar of pure CHq i s  photolyzed with 1236 A light (Flores et a/,, 1978), 
the major products are the sntnrated hydrocarbons C2H6 and C3H8 (see Figure 1). 
After 305 CH4 decomposition, ~vhen the system approached n photochemical steady- 
state, no hydrocarbons higher than C4 were observed by gas chronlatographv. even 
wnen the total product  as concentrated into a small volume by liquid nitrogen prior to  
sampling (Table 2). k t  only did hydrocarbon production terminate at  the Cq stage, 
sjnthesis of unsaturated compo:inds tvas inhi; 'ted. These results essentially agree 
with experiments performed by Bar-Nun (1378). A t  the H2/C2H2 ratio of 40 produced 
by CH4 decomposition, ;he secondary process of C2H2 photopolymerization to  a solid 
polymer is expected to be inhibited (Bar-Nun, 1975, 1978). Bar-Nun 11978) ale0 found 
Table 1. tfltraviolet Absorption Properties of Compounds Synthesized by 
150 eV Electron Bombardment of C2H2 Films at 55 Ii 
Compound 0 a A log E a 
- - - 
Diacetylene (HC4H) 
Benzene (C 6H6) 
Phenylacetylene (C6H5C2H) 
Naphthalene (CIOH8) 
Indene (CSHII) 
n Data taken from Hirayama (1965). 
during irradiation of C2H2 that production of photopolymers decreased ~ v i t t  lowrings 
of temperature and initial acetylene pressure below ,100 Ii and 260 mbar, respectivelv. 
If the e.xperimenta1 data are extrapolated to Titan, and if CH4 were the only hydro- 
c a r b ~ n  in the initial atmosphere, then the combined effects of low C q  H, mixing ratio, 
high H2/C2H2 ratio, substantially lower temperatures, and pressures orders of magni- 
tude lower would m.&e photochemical formation of an acetylene polymer like (C H ) 2 2 n  
highly unlikely in the Titan stratosphere. This conclusion is consisterlt with the region 
TIME, hr 
Table 2. Nole Fractions and Quantum Yields of Products O b t a i ~ d  by 
1236 I( Irradiation of 2.6 mbar CH4 r e  "0 K~ 
- - .  
Product Mole F'ractionb 1\IIolecules Photon- lC 
'performed in a s t i r red 2196-cmS flask with a? Opthos lamp emitting (6 i 2) x 
photons s-l. 
'~ncludes H p  abundance calcuiated by mass balance. Mole fractions apply to 
near steady-state condition after 30% CH4 decomposition. 
c~a lcu la t ed  at 100, CH4 decomposition, unl?ss otherwise spt 'fled. Er rors  
estimated at a 305. 
&folecules of CH4 destroyed per  a b ~ ~ r b e d  photon. 
- 
e ~ a l c u l a t e d  when first  observed, after 18% CH4 decomposition. 
calculated for 308 CH4 decomposition. 
of CH, -photolysis occurring a t  levels in the atmosphere correapon.l~ng to number 
2 9 densities of 10 to  1012 ~ r n - ~ .  Furthermore, the planetary data of Gillett (1975) and 
4 Miinch et 01. (1977) indicate r C 2 B 2 / C ~ 4  ratio < and an H2/ H2 ratio 510 . 
i. 
Although synthesis of ace;ylene polymers in Titan's a t m ~ ~ p h e r e  is improbable, 
their contribution to the stratospheric dust cannot be rule8 out. However, they cer- 
tainly cannot account for Titan's reddish surface. On the other hand, ultraviolet 
absorbance by these polymers is assured by their dcuble-bond and aromatic-ring 
content. Interestingly, electron microgsaphs of polymer produced by alpha-partide 
irradiation of C2H2 show them to consist of 0.1 to 0.13 em-diameter spheres. As 
candidates for the photochemical smog, if they form in a low pressure medium, these 
partic!?s conveniently remain solid a t  the relatively high stratospheric temperatures 
(150 K) postulated for both the inversion and greenhouse models, and a r e  of the proper 
s ize t o  satisfy recent albedo (haze) models (Podolak and Giver, 1978). 
High- Ehergy Particle  chemist^^ 
If cuprene-like polymers at most comprise a minor component of the dust, what 
is the bulk of i t?  Apparently, the photochemistry of CH4 alone cannot produce cola-nd 
material. The products observed experimentally (Table 2) cannot account for even 
the &served absorption of ultraviolet ligh! in Titan's stratosphere. Scattergood and 
Owen (1977) pointed out that production of cn1ore.d material would require the pres- 
ence of a nitrogen gas such a s  X2 along with CHc According to the w o r m  models, 
gases like NH3 and H2S cannot be involved because they become frozen below the 
stratosphere. 
For purposes of comparison, the ultraviolet-Csible and infrared spectra of 
condensable materials produced during 3lev-proton irradiation of gas mixtures are 
shorn in Figures 2 and 3. Tablz 3 contains a list of the major types of products. For 
K-containing mixtures, the spectra are similar and resemble those of ;he colorer! 
product obtained by 2537 Airradiation of KH3 - H2S - CHI - C 9 - H 0 mixtures 2 6  2 
(Khare and Sagan, 1973). Became not one of these materials has spectral properties 
identical to those on Titan, Sattengood ard Owen (1977) proposed that mixtures of 
mPrerials similar to the CH, - H2 and CH4 - N products were present. This is an 2 
attraciivr: alternative because the c o m - ~ n e n t s  in appropriate proportions, mor, readily 
than thc Ehare-Segan polymer alone, would permit the rapid incrcase in absorption 
toward the ultraviolet t h ~ t  i s  exhibited uy dust in Titan1s stratosphere (see Danielsan 
cf d., 1973). Therefore, production of dust having the observed spectroscopic proper- 
ties requiq-es the mupling of C and K in a CH4 - K2 atmosphere. 
From the incident proton energies of 2 3Iev (with 0.75 3fev absorbed by the gas) 
-2  -1 
and fluxes of 1.7 x lo1' em s scud in his experiments a d  estimates of the total 
CH4 decomposition (based on decreases in infrarad absorption). Scattergood (1975) 
4 
calcalated that 1.7 x 10 CH .- , inolecules per proton are converted to prodvct (equiva- 
lent to 44 eV per CH4!. Coupling this *re with Titan's o x m i c  ray energy flux of 
9 -2 -1 - 1 2.3 x 10 eV cm s s t ~ r  (Capone, 1978) leads to an estimated CE4 loss rate of 
" - Z s - 1  5 x 10' cm or p~oduction a>f 1.3 x lo-'' g s-I of colored, condensable, 
carbonaceous matter. With this estimate, me assume that coaversion of kiaetic energy 
to chemicdl energy in the labra tory  experiments is similar to that id Titan's !ower 
ionosphere, despite ordeis of magnitude diffemnces in flux density and total pressure. 
Assuming condensable matter with density of one is produced at a constant rate, 7.6 x 
1 G 3 10 s cr 3 x 10 y would he require4 to deposit a 1-um-think layer of dust. Pfter 
9 4.5 x 10 y, the total c f .  a .  .- density would be about 180 g x cm-'. I p x l a u m  energy 
I8 -3 deposition occtrrs a m &  the 10 cm level of the atmosphere (Capone, 1979). 
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Recent calculations of SCscoe 0978) provide models for the magmtaaphere 
associated with various possible values of Saturn's magnetic field. For a d u e  as low 
as 0 .5  gauss, the magnetosphere would extend to tsenty Saturn radii and include Titan 
within it8 boundary 90% of tbs the. As a consequence of a 1.7 cm-? particle density 
and a 200 km s-' particle velocity, the tlux of 1-V "Saturn w i d "  protons - i r ikw 
the upper atmosphere of Tital would amount to 3.4 x 10' cm-* s-I Calculated as 
above, these fQp~res lead t o  an organic matter production rate at least twice that 
afforded by cosmic rays. Because of the shallow depth to which 1-V protons can 
penetrate, consequent reactions should occur above the stratosphere in the region of 
maximum photochemistry, unlike the cosmic rays that penetrate deeper. 
If Titon has no rnrgnetic field, if the solar wind energy ( a s ,  1 keV nucleod-l) 
and particle flux (2 x lo6 cm-2 s-5 are unaffected by Saturnfs preximity. and if the 
assumptions given above for the production rate resulting from cosmic ray particlea 
a m  applied, then an upper estimate can be made for the rate of synthesis of condens- 
able carbomceous matter by solar wind bombardment of the atmosphere. This 
estimate amounts to 1.1 A g s-l and is cowparb le  to the cosmic 
ray production rate. 
Table 3. Products Res~l t ing  from BIeV Pmt~li Irradiation 
of Various Gas ?riixturese 
Gas mixture 
Aliphatic hydrocarbons 
Aliphatic and alicyclic aminesC 
Acetonitrile (CH3CN) 
L~ed-brown polymer 
- 
a R o m  Scattergmd (1975): Scattergood et aL (1975); 
Scattergood and O w n  (1977). 
b~ncludes saturated and unsaturated compounds up to C 22 in 
length. Less than 13 ppm aromatics (e.g., benzene). 
'C yelic amines include hexam~thylenetetnmiae (C6HI2N4) 
and its methyl snd dimethyl nomologues. 
Clearly, the assumptions used to d a i n  these estimates require that they be 
used wit11 caution. Nowtheless, the role of particle radiation in producing condensable 
and gaseous trace cons+ituents in Titan's atmosphere -annot be dismissed. Models of 
CH4-rich atmospheres. which included cosmic ray imlutim processes (Capane el d, 
19'76). predicted CH3 radical concentrations that were three orders of magnitude higher 
than those predicted by strictly photochemical models (9tmbel. 1974). Becausz attain- 
ment of higher CHI concentrations without sigDificantly loreriog the '\/H radical 
ratios is expected to favor a high hydrocarbon production, the predictions support tbe 
view that particle irradiation a w l d  enhance organic sjathesis. 
Electricai Discharges 
In addition to synthesis of C2H2 polymers by lr:ct- of CH4 photolpsis ard syu- 
thesis of condensable organic matter by particle i r r a d i ~ i m  of CH4 - Nq mixtures. 
vacuum ultra-.-iolet photolysis of CH4 - N o r  electric discharges may generate T:anls 2 
stratospheric d;ist and coloration. Electric discharges through CH4 - S2 mixtures at 
36 mbar produce many different saturated and unsaturated hydroczrbons and nitriles 
( T o w n c e  et d ,  1974) that could subsequently undergo photochemistry and condensation- 
polymerization reactions to readily form reddish substances if formed in Titan's atm* 
sphere. To account for the occurrence of stratospheric dust in the absence of strong 
atmospheric mixing, hocever, electrical discharges mus' occur above the dust layer 
at  pmssures < 1 mbar in a dry atmosphere containing: no clouds. Although they could 
conceivably occur, discharges under such co~ditions are sufficiently implausible as to 
permit discounting them, 
Photochemistry 
In the only report describing the coupling of C and X in the photochemistry of a 
CHq - S2 mixture, Dodonox'a (1966) found that irradiations at 7 - 10 mbar with a hydro- 
gen lamp (10'' - 1016 photons ;') produced HCX after 8 - 10 hr; hydrocsrbons com- 
prisd the ,ther products. HCK was detected with a picrate color test sensitive '9 
1.0- ' g. The explanation given for this result am ''the p;iotozctivation of nitrogen and 
its interaction with CH radicals resulting from the decomposition of r.,ethane. " The 
author described that the photoac lvation of nitrogen occurred at 1273 k A crude 
estfmate based on the reported data places the quantum yicld for HCN at about lo-'. 
Althmgh several attempts wre made at  WSA Ames Research Center (Bragin aod 
Nicdl, 1W6) to duplicate the Blpsian work with a 1456 f i  lamp, they failed to produce 
a q  E N  detectable by high sensitivity gas-chromatogrtlph analyses. If formed on 
TPtau by Lyman-a pbotone at the -timated yield, b w v e r ,  HCN would be produced at 
the insigntfi-t rate of about 10' cm-2 s-I or 4. 5 x loo8 g cm -2 s-l . firtbr 
attempt. to . M y  the pbtochemistry of CHI - N2 at L y m w  and other rarelengths 
would be desirable because gaseous HCN is p b t o c h e m i d l p  converted to more corn- 
plex organic ampomds and dish-brown solids (Misutani et d, 1975). 
Thus, the most attractive mechanism for pmdwtion of stratospheric dust on 
Titan tbat w e  have discussed inmlves hfgb-energy proton irradiation, which requires 
a CH4 - N2 atmapbere. Klis source could provide the colored condensates that are 
mqmmiUe for tbe reddish surfhoe of the satellite and its low ultravielet-visible 
albedo. Unless vacuum uitmviolet photolysie of CH4 - N2 yields HCN moxv efficiently 
than lo-' molecules per  phdm, it can be discounted dog with electric discharges 
as a tenable mechanism. 
~ r c o m ~ t o t b e d r t n f o r l 2 3 6 d ~ b o t d y s i s o f ~ ~ ~  (see Figure 1, 
Table 2). w e  cao make additional observations pertinent to Tftan's atmospheric 
photochemistry. Altholllgb a photochemical steady-state had not been xvached at the 
time of measurement of the mixiqg ratios in Table 2, it wns sufficiently close (see 
F'igure 1) tJmt the asamption of steady-state is justified. The relative abundances 
of experhaat.! products smst  that propaue (C3H8) may also be detectable in Titan's 
atmo~pbere  along with the previously observed ethane (C2H6) and acetylene (C2H2). 
This idea has also been proposed by Bar-Nun and Podolak (1978). Propane should 
actually be more ahmiant than C2H2. On the other hand. C2H2 should be the least 
t hdan t  of these hydmcarbns. Tbe experimentd C2H2/C2H6 rado of 0.050 is lcwer 
by a factor of 10 than the ratio predicted by the CHq-photochemical model of Slrobel 
0974). Ihrtbarmore, the ratio of quantum yields for C2H4 and C2H6 point to an exper- 
imeutal C2H4/C2H6 ratio of 0.045. which is 10 - 100 times the ratio obtained in the 
model calculations. Although apectmscopic observations do not provide a ixseful mea- 
sure  of the C2Hf12H6 ratio. they do indicate a C2H4/C2H6 ratio of 4 x l ~ - ~  (Gillett. 
1915). consietent with the CH4-pbtolysis calculations. Clearly, there are difficulties 
in duplicating planetary environments in compiiter and laboratory simulations of CH4 
pbotolyais. Whether these difficulties may account for the discrepancies between the 
results of the sim~lat ions remains to be evaluated. 
N. LOWER AT3IOSPHERE 
Recently, broodman et al. (1977) established an upper limit of 30 cm-am for the 
abundanc-? of ammonia on Titan. In the context of the irlversion model described in 
Section If, lo\\? surface temperatures of < 100 K remove essentially all  h'H3 from the 
gas phase by condensation. " the temperature reacbs 115 I\;, ho\\ever, gas-phase 
NH3 photochemistry can occur, as we  discuss below. &cause of the ambiguity ahout 
the nature of the Titan surface d the possible range of surface temperatures mea- 
sured by radio (135 L 13 K, Briggs, 1974) and microuave (260 K, Conklin et al., 1977) 
observations, we considered ammonia photolysis a t  temperatures ranging from 115 to  
200 K. If the ''sul-face" of the inversion model corresponds t o  the actual surface, a 
temperature *:f 115 K implies that pure solid CH4 i s  unlikely t o  be a major surface 
constituent. If the surface is the iap of a cloud layer, the 115 K implies cloud particles 
that consist of hydrocarbons other ihan CH4 o r  possiblj- 4H3. Photolysis at > 115 K is 
considered to occur in the atmosptiere below the clouds of the greenhouse models. 
Ammonia Photoche~nistry 
.Although Hunten (1973) discussed S H  photolysis as a mealis for  generating 3 
large amount. of K2 on Titan, t5e process has not been modeled for Titan. In theoret- 
ical studies of Jovian atmospheric chemistrv, !xH3 and CHq photolysis reactions are 
decc . !ed from n ~ c h  other (Prinn, 1970; Strotel, 19?3a, 1973b: Prasad and Capone, 
1Ntj). Except in the nnr k c ' Kuhn et al. (197T), production of organic compounds by 
means other than CH4 photolysis high in +be stratosphere is discounted. However, 
laboratory exper~ments  (wan and Khare, 19'73: Recker et ai., 1974: Fer r i s  and Chen, 
197.5: Ferr i s  et al., 1977) suggest that hot H atoms generated by photodissociation of 
h'E3 o r  H2S (or- both) can initiate reactions with CH4 and C2H6 to produce o g n n i c  
compounds by m y  of hydrocarbon radicals such as CH3 and their recombination with 
each other and with XH radicals. Data in Table 4 summarize resglts rcported by 2 
Ferr i s  et al. (1 977) and include estimated production rates  at Titan obtained by edmpo- 
lation of !heir results. The product yfelds in the 115 K experiment n q r e  based on an 
experimental Quantum yield for KH3 decomposition of 0.12 at 208 I( (Kicodetn and 
Ferr is ,  1372). In the low-temperature e.xperiments, some KH i s  considered and the 3 
y~s -phase  &bundances of NH3 col-respond to the equi1:brium vapor pressures.  Entries 
in the bottom two lines of Table 4 show that from 115 - 347 K photolysis of ammonia is 
accempmied by induced hot-atom decompositioll of r: f? at levels higher than 0. C, C H 1 4 
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Table 4. Photolysis of a Mixture of H2 (0.623 bar), (0.080 bar), 
C H4 .I. 125 bar), and NH3 (0.040 bar) with 1849 '% Light at 
yr:'. wa Temperatures: Product Yieldsaand Estimated 
Production Rates at Titan 
Product Yield 
(molecules/phaton) Estimated Production 
Rate at ~ i t a n b  
Product 347 K 200 K 115 K (g ~ r n - ~  s- l)  
-- 
*2 0.67 
aPrduct yields calculated from data of Ferris et al. (1977), using quantum yields for 
NH3 photolysis obtained at 347 K (Ferris et a l ,  1977) and 208 K (Nicodem and Ferris, 
1973). 
b~alculated horn yields at 200 K usig a photo11 flux of 2 x 1012 cm -2 8-I between 
1600 - 2270 A at Titan divided 9 4. 
c Assumed to be CH3NH2: other possibilities may include NH2CN, CH3CW, NH2NHCH3. 
dC'olumn photodecomposition rate. 
molecule per  NH molecule dissociated. F'urtbermore, photolytic losses of CHI and 3 
NH3 cannot be accounted for by summing the observed products. This lack of mass 
balance undoubtedly results in part from the difficulty of the analyses. Also, other 
compounds not specifically sought wre likely to have evaded detection. 
Mass balance for nitrogen requires the formation of the "N-organics'' desig- 
nated in Table 4. Methylamine (CH3NH2) with a N/C ratio of 1 and molecular n e w  
31 is taken to represent these compounds. Early on, Becker and Hong (1977) detected 
C I1 NH in similar experiments, but not after long irradiations. Apparently, facile 3 2 
conversion of C H3NH2 to other compounds under the irradia*%n condftions accounts 
for its absence in most experiments. Formation of complex and colored organic 
matter from HCN o r  CH3NH2 o r  both by secondary photolytic processes can be 
readily envisioned. Mass balance for carbon also indicates the formation of more 
hydrocarbons than a r e  reported in Table 4. Using the data for 200 K, and assuming 
that the missing carbon is in the form of (CH2) , a hydrocarbon production rate of 
-2 -1 n 0.4 x lo-'* g cm s is required for mass balance. The total production rate of 
organic matter from NH photochemistry and hot hydrogen-atom chemistry amounts 3 
to 1.4 x 10-l~ g cm-2 s-l. At this rate, a 1-pm-thick layer of organic matter (with 
9 
unit density) would take about eight days to  produce on Titan, and 4.5 x 10 y r  of 
3 production wo~tld yield a 2-km-thick layer of organic matter and liberate 10 km-am 
of Kt (or a column density of 28 x molecules cm-5. Even if only 0.1% of the 
photons from 1600 - 2270 penetrated the cloud layer of Titan, the production of 
organic matter and Pi2 would be significant. 
The 115 and 200 K experiments of Table 4 represent relevant laboratory simu- 
lations of organic photochemistry on Titan. In greenhouse models, 115 K may occur 
a t  the top of the cloud layer, within it, o r  at some level below it. The high CH4 partial 
pressure of this experiment, however, disqualifies its relevance to the inversion 
-odel. The 200 K temperature corresponds to a level somewhere below the clouds of 
the greenhouse models, either at o r  above the surface. The presence of H2 and He 
a re  also re!avant, not because they exist on Titan at the experimental abundances, 
but because they represent agents for collisional thermalization of the hot H atom. 
On Titan, K2 may be the thermalizing agent. However, H2 and He a r e  expected to be 
more efficient t:-ermalizers than K2 (Wolfgang, 1963). 
Hot Hydrogen Atom Chemistry 
To explore hot atom chemistry under other possible planetary conditions, 
Aronowitz et al. (1978) developed a novel use of a computational method. Their 
approach couples hot-atom chemistry with the general kinetic problem by incorporat- 
ing the kinetic theory of Wolfjgang (1963) for hot atoms. Temperature, pressure, and 
incident photon energy a r e  explicitly taken into account. A complete discussion of the 
approach is beyond the scope and intent of this report, however, and will appear in 
full detail elsewhere (Aronowitz et d., 1978). 
In these computations, the photochemistry is approximated in the followisg 
manner. An assemblage of molecules corresponding to an atmospheric composition 
!s errposed to an arbitrarily chosen total number of photons in a sei-ies of incremental 
steps. A small fraction of the available NH3 is dissociated by each increment of 
photons; the resulting primary products, H (hot) and KH2 are allowed to interact with 
each other and with other gas components in the system according to the reactions in 
Table 5. The resulting mole fractions of reactants (e. g., NH3) and products (e.g., 
N2H4) are determined iteratively. The calculations a r e  allowed to run to  the point at 
which additional iterations have negligible effect on the mole fractions of stable end 
products. The photodissociation of NH3 was kept low ( ~ 5 % )  by limiting the number of 
photons introduced in the calculations. For purposes of simplification, the quantum 
yield for NH was assigned a value of 1.0 for all wavelengths. Use of an appropriate 3 
scaling factor, however, permits correction of the calculated quantum yields for any 
piotodissociation quantum yield c 1.0. Secondary photolpsis of products is neglected. 
Quantum yields obtained for various products were calculated from the number of 
photons and the mole fractions of products. The simulated environmental parameters 
and derived quantum yields are listed in Table 6. In each experiment, the NH3 partial 
pressure is governed by its equilibrium vapor pressure (ectimated from a fitted 
equat!on of the Antoine form) at the indicated temperature. T h e ~ e  stimates are 
smaller than those determined by Gulkis et d. (197b) and hence corn-titute a lower 
bound on the NH3 abundance. 
D,c+* 'n Table 6 reveal several interesting aspects of hot-?:om cr~emistry over 
the range af  conditions simulated. Undrr all condit~ons, C2H6 c ld CH3NH2 a r e  
formed, azcl CI'QNH2 is the dominant proc'lct. With temperature and waveleritb 
constant, total pressure increa- es (Experiments I, 11, III) lead tc increased C H  4 
Table 5. Reactions Pertinent to Ammonia Photolysis and Hot Atom 
Chemistry on Titan 
React ion Rate constanta Reference 
Calculations used 
hot atom theory 
Calculations used 
hot atom theory 
Calculations used 
hot atom theory 
Ham et oL, 1970~ 
Cheng et d, 1977 
Kuhn et al., 1977 
Pham Van Khe et al., 
1977 
3 -1 -1 6 -2 -1 
a ~ h e  rate constants a r e  in units of cm mole s for two body and cm mole s 
for three body reactions. 
bl+om Strobe1 (1973a), Table 4. 
decomposition, which is also reflected in higher yields of C2H6. Formation of 
CH NH appears to be favored by lower pressure. Lowering the temperature from 3 2 
155 to 125 K (Experiments 11, IV) causes little change in the product yields. Quantum 
yields for  CH4 decomposition decrease a s  the irradiating wavelength increases 
(Experiments V, II, VI). This decrease occurs because the hot H atoms produced at 
longer wavelengths a r e  less energetic ("hot"). The influence of H as a thermalizing 2 
agent is striking (Experiments IX, XI). When the H2/CH4 ratio is high, CH4 and NH3 
decomposition a re  inhibited, and rezombination of CH3 and NH2 radicals with thermal- 
ized H atoms takes place. A s  a result of inefficient production of CH3 radicals by 
hot H atoms, substantially diminished yields of C2H2 and CH3NH2 occur. Excess N2 
exerts no influence on the thermalization of hot II  atoms (Experiments 11, IX). How- 
ever, when the model calculations permit inelastic rather t h ~ n  elastic coll~sions of the 
Table 6. Calculated Quantum Yields for Consumption of Reactants and Formation 
of Products by Hot-Atom Reactions Under Various Titan Conditions 
--- ---- 
- 
CH4/H2/N2/NH3 Quantum Yields (mslecules/photon) 
Experiment (mole ratios) T, P (K, bar) h(A) -NH3 -C H4 N2H4 2H6 CH,NH2 .r 
Iv. l/l/l/[l. 6(-3)] 155, 0.526 1850 0.986 0,925 0.249 0.218 
XI. 1/100/400/ Id.&?(-5)J 125, 0.586 1850 0.371 0.018 0.180 0.003 
a Same a s  IX except calculations provided for inelastic collisions batween N2 and the hot atoms. 
hot H atom with N2 (Experiment X), quantum yields for CH4 decomposition and CZH6 
and CH3NH2 synthesis drop by factors of 7, 10, and 5, respectively. 
Over the range of conditions tested by the model calculations, changes in 
temperature, total pressure and irradiating wavelength cause relatively small varla- 
tions in the yields of products. The presence of high abundances of the moderating 
gases N2 and HI (e.g., C H ~ / N ~  0.003) reduces the yields by up to  one order of mag- 
nitude. Although H2 is a more effective thermalizer tbm N2, its abundance on Titan 
is not expected to exceed that of CH4 (Miinch e l  al., 1977). Conditions of 125 K and 
22 mbar (total pressure) represent the closest experimental simulation of the surface 
environmen' - I the inversion model. Other simulations correspond to locations below 
the clouds of the greenhouse models. 
To estimate production rates on Titan from the data in Table 6, a value of 0.12 
for the quantum yield of NH3 photodissociation is assumed. This value was measured 
a t  208 K in excess H2 (H2/NH3 = 749) by Nicodem and Ferris  (1973), who found its 
magnitude had increased from a value of 0.04 at 313 K. This inverse correlation with 
temperature suggests that the value of 0.12 may be a lower limit below 208 K. For 
conditions that apply to atmospheric levels above the clouds, transmission of 10% of 
the incident sunlight is assumed: below the clouds, 1% transmission is assumed. 
Product quantum yields a t  1850 A a r e  taken to represent average yields from 1600 - 
0 
2270 A. The resulting total production rates of hot atom products corresponding to  
various conditions a r e  listed in Table 7. Production rates based on the experimental 
data of Table 4 a r e  also included as the bottom two lines, and are in reasonable agree- 
ment with theoretical results. 
If the surface temperature of the inversion model were 125 K, a 1 pm layer of 
organic matter would accumulate every 46 days, leading to a 360-m-thick layer after 
9 4.5 x 10 yr. Organic synthesis occurs a t  115 K and may extend to even lower tem- 
peratures p m ~ i d e d  that some NH3 exists in the gas phase. The possibility of hot- 
atom-mediated synthesis in the solid phase at low temperature.. remains to be evaluated. 
If the lowest production rate in Table 7 is taken to represent synthesis below the clouds 
of greenhouse models, then settling of products to the surface would yield a 1 pm-thick 
9 layer after 900 y r  and a 5-m layer after 4.5 X 10 yr. 
Table 7 .  Production Rates for Organic Matter Synthesized by Ammonia Phdolysis and Hot H-Atom 
Chemistry Under Various Simulated Titan Conditions 
CH4/H2/N2/NH3 Experiment Production ~ a t e s ~  
(mole ratios) -2 -1 
-- 
(Table VI) T, P (K, bar) (mole. cm s ) (g cmW2 e-l) 
a~slculatea for 1% transmission through clovd layer, except on lines 1 and 4. 
b~orresponds to initial NH3 abundance at room temperature, data from Table 4. 
Electrical Discharges 
Electric discharge is  the last mechanism considered for organic synthesis in 
Titan's lower atmosphere. Toupance et a l  (1974), have shown that electric discharges 
througli CH4 - h', mixtures in a flow system (26 mbar) produce mainly HCK, 
- 
hydrocarbons, and a variety sf saturated and unsaturated nitriles. Starting with a O J %  
NZ/10C CS4 mixture, about 60% of the CH4 was c~nver ted  to HCN. This conversion 
factor is used to ( 'imate production of organic matter by electric discharges on Titrn. 
From the solar constant at Titan and an effective albedo of 0.2, the energy flux 
available is calculated to be 1.1 x J crn -2 s-l . For lack of other relevant data, 
the conversion of this energy to electric discharges is assumed to proceed on Titan as 
it does on Earth with an efficiency of lG36. Therefore, the energy flux carried m 
-2  -1 
electric discharges would be 1.1 x J cm s . Assuming a 5-km lightning 
0 
strcke with a shock column of 80 cmu cross-section and a total energy of 10lo J (after 
Bar-Nun, 19751, a CH4 number density of 5 x 10'' cm-3 in a 908 N2 atmosphere, and 
-2 -1 8 
a discharge energy flux of 1.1 x J ern s , a production rate of 1.3 x 10 mole- 
-2 -1 
cules cm s o r  6 x 10'15 g s-I is obtained. This figure is appropriate for 
the lower atmosphere of the greenhouse models, and compares favorably wit3 the 
production rates derived from hot H-atom reactions. However, the laboratory simu- 
lations of electric discharges on which the calcuIations a r e  based may have little 
relevance to lightning discharges in a planetary atmosphere. "loreover, there is no 
clear information regarding the conk-ersion efLiciency of solar  energy to electric dis- 
charge energy on any planet other than Earth. These considerations make statements 
about electric aischarge synthesis of organic matter on Titan speculative. Interest- 
ingly, Bar-Nin (1975, 1978) suggests that the high S2H2/C2Hg ratios observed on 
Jupiter may be m~nifestations of electric discharge phenomena. 
In recent years, several models have been proposed to account for available 
nbservations of Titan and to explain the processep that may be responsible, Although 
these rnod.4~ may d!ffer in concept and function (e. g., greenhouse vs. inversion), 
several features must ke common to all. Titan is undeniably red, which is most likely 
a result q f  the psodwtion of a colored organic layer on the surface o r  in the clouds. 
Spectroscopic and pdarimetric  data indicate the existence of a layer of particles 
(phutockemical haze) in the atmospbem, which may be thick enough to constitute 
clouds. Finally, in light d thermochemical equilibrium models. the p m s e ~ ~ e  of 
observable amounts of CZHC. C2H2 and C2Nq indicate the oecurrew?e of active 
organic chemical precesses. 
Kit-en appears to be required in the atmospbezx for tke production of the 
uv-visible light abgorbtog dust in the stratasphere a d  of tBe M i s h  starb or clamds, 
or both. Althougb 1; has not been observed in Titan's atmosphere, the pmbabilfty of 
I 
its exbtew is W i W  by the W l i t y  of CAI  old CHI r H2 ml'ttures to yield c d o d  
products fram partisle bcmbsvdmect or pbotocbemistry. Tbe presence of h') d d  
requw tbe exisreme of NRQ in the atmosphere at s.Jme time in Titan's history and its 
subsequent pboPodissociation to  produce !he %. In~wrporation of nitrogen Erom iYH3 
or N2 or botb into oxganic molecuies 2y various processes mid produce! materials 
with tbe m a ~ s ~ r y  spct:asapic properties. 
In the upper T i m  atmospkre wvbre the gas deusities a m  low, neaclioas ini- 
tiated by pauiickes $molpi, electmas) may przdcminate, especially those coupling N, 
c. 
with CHI. It is mt elerr whether CHI cam be coupied with N, photochern:cally 
" 
( A >1000d(), but this ni;l &e i ~ ~ i f i c a n t  a t  best. Productim raw of organic com- 
-9 -1 
of about em - a are  es t  irnrkd for p-ses initiated by z o l u  arflds, 
S a r z e - n  'lalnd,l' anil cosmic rays. Cosmic-ray-induced reactioas, !m.vever, \\ill maxi- 
&ize much ;owe in t h ~  atmosphere than Rill the other particle-iduced reactions. 
HyGrocarbo~  rill be formed from particle ?actions 3s we11 as from photochemical 
9 breakdown of CH*. Over 4.5 x 10 y spec tmscop id lv  observable materials (e. g- , 
clouds o r  mrface m a t e r a s )  sbould easily be pmduced. 
2hotochemical pmcesses may predominate In the lower atmcx9pher~ below the 
clouds. Although the ultraviolet flu may be reduced by 2 - 4 orders of magnitude frola 
the incident value, atmospheric photochemistry may nevert5eless be signiftcani from 
the ocp- rrence of hot H atom reactions. The hot H atom may be groduced from small 
amounts of NH3 in t3e iower atmosphere. Production rates for organic matter are 
-2 -1 
eatinated to be about lo-'* g cm s (Table 7), o r  ten times the upp?r-atmosphere 
ratea. Electric discharges, if they occur, should produce about the same level of 
organic chemicsle . 
Thus, the sarface of Titan should 5e cover& by ancient or recent oqganic 
matter produced in thz atmosphere. This material should include both h y d r a a r b a s  
tud N-organics. Tbemhre, study of tbe satellite's surface in any Iwkr mtssioc. 
s b m t l d  lcclade organic dysb  aa a prime sc- obJectiw, with particuiu attentine 
tc tbe chemistry of the organqpmlc eL?mants H, C,  N, 0, and b 
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